Glioblastoma is the most common and malignant primary brain tumor, characterized by highly aggressive-invasive growth and resistance to therapy. Typically, radiological recurrence and clinical relapse occurs 6-7 months after surgery, 1 resulting in a median survival of only 14-16 months despite the best available treatments. 2, 3 Accumulating evidence suggests that intratumoral heterogeneity and divergent development of subpopulations of 
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cancer cells within the same tumor are probably the keys for understanding treatment failure. [4] [5] [6] Specific histopathological features, including pseudopalisading necrosis and microvascular proliferation, make glioblastoma one of the most hypoxic and vascularized of all solid tumors. 7 These microanatomical compartments present specific niches within the tumor microenvironment (TME) that regulate metabolic needs, immune surveillance, survival, invasion, and glioma stemlike cell maintenance. 7 The TME is emerging as a critical regulator of cancer progression and therapeutic response in primary and metastatic brain malignancies. 8 The dismal prognosis of glioblastoma is largely attributed to the heterogeneous nature of the tumor, which in addition to intrinsic molecular and genetic changes is also influenced by specialized TME niches in which the glioma cells reside. 9 In glioblastoma, 3 morphologically and functionally specialized tumor niches were described, including the vasculature as an integral regulatory part: (i) the perivascular, (ii) the hypoxic, and (iii) the vascular-invasive niches. 7 The perivascular and hypoxic niches are found within the tumor bulk and reside in the tumor neovasculature and the necrotic/hypoxic tumor regions, respectively. 7, 10 In the vascular-invasive tumor niche, however, tumor cells co-opt normal blood vessels, enabling migration deep into the brain parenchyma. 11 Besides the intratumoral heterogeneity in extent and degree of necrosis/hypoxia in combination with variable patterns of neovascularization, reprogramming of energy metabolism additionally influences the landscape of TME and represents a considerable problem in therapeutic management of glioblastoma. 12 In contrast to normal differentiated cells, which rely primarily on mitochondrial oxidative phosphorylation (OxPhos) to generate the energy needed for cellular processes, most cancer cells instead rely on aerobic glycolysis, a phenomenon termed the "Warburg effect. " Aerobic glycolysis is an inefficient but faster way to generate adenosine 5ʹ-triphosphate (ATP). However, the advantage it confers to cancer cells is not fully understood but the subject of intense research. 13 The interplay between oxygen metabolism and neovascularization as well as the metabolic pathways for energy production are of crucial importance in tumor biology. Therefore, they have the potential as a key imaging biomarker for elucidation of pathophysiological mechanisms, including therapy resistance and recurrence. Most of the available techniques, however, are not well suited for in vivo characterization in humans due to their invasiveness (electrodes), limited availability and high costs (PET), or low spatial resolution (near-infrared spectroscopy). A novel MRI-based multiparametric approach has been recently proposed to obtain quantitative information about oxygenation metabolism and neovascularization in glioma patients. [14] [15] [16] [17] [18] In this study, we built on this physiological MRI approach and hypothesized that fusion of imaging biomarker information about oxygen metabolism and neovascularization in combination with an automatic user-independent classification strategy provides more precise insights into the intratumoral heterogeneity of human glioblastoma's pathophysiology. We termed our approach TME mapping. The aim of our study was threefold: (i) non-invasive detection and investigation of hypoxic and vascular niches in the TME; (ii) correlation of TME niches with the dominating metabolic strategy for energy production to identify patient subgroups with newly diagnosed glioblastoma; and (iii) investigation of the relationship to clinical outcome.
Materials and Methods

Patients
The institutional review board approved this retrospective study. Written consent was obtained from all enrolled patients. A consecutively and prospectively populated institutional database was searched for patients with newly diagnosed untreated glioblastoma (World Health Organization [WHO] grade IV) between July 2015 and April 2017. Inclusion criteria were as follows: (i) age ≥18 years; (ii) MR scans using our study MRI protocol; (iii) pathologically confirmed glioblastoma based on the WHO histological grading system including conclusive information about isocitrate dehydrogenase 1 (IDH1) gene mutation status; (iv) patients subsequently treated according to standard of care, which included maximal safe and radical resection, radiotherapy, and concomitant and adjuvant chemotherapy with temozolomide. 3 IDH1 mutation was routinely analyzed by immunohistochemical staining using an R132H point mutation specific
Importance of the study
The dismal prognosis of glioblastoma is largely attributed to the heterogeneous nature of the tumor, which is influenced by hypoxic and perivascular niches in the TME. Therefore, oxygen metabolism and neovascularization have the potential as a key biomarker for elucidation of pathophysiological mechanisms including therapy resistance and recurrence. Most of the available techniques, however, are not well suited for noninvasive in vivo characterization in humans. In this study, we used MRI biomarkers of oxygen metabolism and neovascularization in combination with an automatic classification strategy for non-invasive localization of hypoxic and vascular niches within the heterogeneously structured TME. Correlation with the dominating metabolic strategy for energy production uncovered 2 different metabolic phenotypes for newly diagnosed glioblastoma IDH1wt: a glycolytic phenotype with stable functional neovasculature, and a necrotic/hypoxic phenotype with high proportion of unstable defective dysfunctional neovasculature and a more aggressive tumor behavior. The glycolytic phenotype showed longer PFS. For the quantitative blood oxygen level dependent (qBOLD) approach, we performed (i) a multi-echo gradient echo (GE) sequence for R 2 *-mapping (8 echoes; TE, 5-40 ms) and (ii) a multi-echo spin echo (SE) sequence for R 2 -mapping (8 echoes; TE, 13-104 ms), respectively.
IDH1 antibody (Dianova
For vascular architecture mapping (VAM), we used dynamic susceptibility contrast (DSC) perfusion MRI data obtained with SE (TR, 1740 ms; TE, 33 ms) and GE (TR, 1740 ms; TE, 22 ms) EPI sequences, respectively, in combination with a dual contrast agent injections approach. 15, 16, 19 Both DSC perfusion examinations were performed with 60 dynamic measurements and administration of 0.1 mmol/kg body weight gadoterate meglumine (Dotarem, Guerbet) at a rate of 4 mL/s using an MR-compatible injector (Spectris, Medrad) and with utmost caution for the injection time as described previously. 15, 16 A 20-mL bolus of saline was injected subsequently at the same rate. Our strategies to minimize the probability of patient motions and differences in the time to first-pass peak, which may significantly affect the data evaluation, were described previously. 15, 16 Geometric parameters were chosen identical for these 4 sequences: in-plane resolution: 1.8 × 1.8 mm, slice thickness: 4 mm; 29 slices; GRAPPA factor of 2. The additional acquisition time (TA) for the qBOLD (R 2 * and R 2 -mapping: TA, 1.5 and 3.5 min, respectively) and VAM sequences (SE-EPI DSC perfusion: TA, 2 min) was 7 minutes.
MRI Data Preprocessing and Calculation of MRI biomarker
Preprocessing of qBOLD and VAM data, and calculation of MRI biomarker maps for oxygen metabolism and neovascularization (phases 2 and 3 of the TME approach) were performed with custom-made MatLab (MathWorks) software. Both qBOLD and VAM preprocessing consisted of 3 steps.
qBOLD preprocessing: (i) corrections for background fields of the R 2 *-mapping data 20 and for stimulated echoes of the R 2 -mapping data, 21 (ii) calculation of R 2 * and R 2 maps from the multi-echo relaxometry data, and (iii) calculation of absolute cerebral blood volume and flow maps from the GE-EPI DSC perfusion MRI data via automatic identification of arterial input functions. 22, 23 These data were used for calculation of MRI biomarker maps of oxygen metabolism, including oxygen extraction fraction (OEF), cerebral metabolic rate of oxygen (CMRO 2 ), 17 and the average mitochondrial oxygen tension (mitoPO 2 ), respectively. 24, 25 VAM preprocessing: (i) correction for remaining contrast agent extravasation was performed as described previously, 15, 26, 27 (ii) fitting of the first bolus curves for each voxel of the GE-and SE-DSC perfusion data with a previously described gamma-variate function, 28 (iii) calculation of the ∆R 2,GE versus (∆R 2,SE ) 3/2 diagram 29 -the so-called vascular hysteresis loop. These data were used for calculation of MRI biomarker maps of neovascularization, including the microvessel type indicator (MTI) as well as the upper limit of microvessel radius (R U ) and microvessel density (N U ) 30 Supplementary Fig. S1 (phases 1-3) shows the procedure from MRI data acquisition over preprocessing to biomarker calculation schematically. The corresponding Supplementary text provides a more detailed discussion of the methodology.
Information Fusion and Tumor Microenvironment Classification
Fusion of MRI biomarker information about oxygen metabolism (OEF, CMRO 2 , mitoPO 2 ) and neovascularization (MTI, R U , N U ) as well as classification of TME (phase 4) were performed with custom-made MatLab software and consisted of 4 steps: (i) classification of the oxidative status in mitochondria; (ii) classification integrity of the tumor neovasculature; (iii) fusion of this classified information in one imaging dataset; and (iv) classification of TME within this dataset including and considering the CMRO 2 -OEF scatterplot (see bottom of Supplementary Fig. S1 and the corresponding Supplementary text for a more detailed discussion). This procedure was associated with the introduction of 6 different TMEs for oxygen metabolism and neovascularization:
(i) A TME with mitoPO 2 < 10 mmHg (associated with high OEF and normal to high CMRO 2 compared with cNWM) and dysfunctional neovasculature was interpreted as hypoxia with defective tumor neovasculature ("Hypoxia, no neovascularization [NV]"; red voxels in the TME map). (ii) A TME with mitoPO 2 < 10 mmHg (normal to low OEF and high CMRO 2 ) and functional neovasculature was interpreted as hypoxia with functional tumor neovasculature and predominantly mitochondrial oxidative phosphorylation for energy production ("Hypoxia + NV"; yellow voxels). (iii) A TME with mitoPO 2 = 10-60 mmHg and no neovascularization (very high OEF and low CMRO 2 ) was interpreted as necrosis with highly defective vasculature ("Necrosis"; black voxels). (iv) A TME with mitoPO 2 = 10-60 mmHg and neovascularization (low OEF and normal to high CMRO 2 ) was interpreted as normoxic tumor with functional tumor
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neovasculature and, due to the high CMRO 2 , predominantly mitochondrial oxidative phosphorylation for energy production ("OxPhos + NV"; green voxels). (v) A TME with mitoPO 2 > 60 mmHg and neovascularization (very low OEF and low to normal CMRO 2 ) was interpreted as tumor tissue with high mitochondrial oxygen tension and functional neovasculature and, due to the low CMRO 2 , predominantly glycolysis for energy production without mitochondrial involvement ("Glycolysis + NV"; blue voxels). (vi) A TME with mitoPO 2 > 60 mmHg and no neovascularization (again very low OEF and low to normal CMRO 2 ) was interpreted as tumor tissue with high mitochondrial oxygen tension, without neovasculature, and due to the low CMRO 2 , predominantly glycolysis for energy production without mitochondrial involvement ("Glycolysis, no NV"; blue voxels).
As described in parentheses above, the voxels of each TME were assigned different colors, which resulted in the socalled oxygen metabolism-neovascularization TME map. For higher clarity and better assessability of the TME maps, we decided to use blue color for both the "Glycolysis + NV" and the "Glycolysis, no NV" TME, resulting in 5 TMEs in the respective maps. This is additionally supported by the very small volume (≤5%) found for the "Glycolysis, no NV" TME.
Quantitative Analysis
For quantitative analysis of the TMEs, regions of interest (ROIs) were manually defined based on features seen in the FLAIR images for cNWM and in the contrast-enhanced T1-weighted images for the enhancing tumor region, respectively. The ROIs were transferred to the TME maps. The ROIs for enhancing tumor, which were transferred to the TME maps, covered at least 75% of the total tumor volume. The volumes of the 6 TMEs were calculated. The volume of the "Glycolysis + NV" TME was used for differentiation of phenotypes. MRI biomarker values for oxygen metabolism (OEF, CMRO 2 , mitoPO 2 ) and for neovascularization (MTI, N U , R U ) were averaged for each of the 6 TMEs and cNWM. Additionally, the total tumor volumes were calculated on contrast-enhanced T1-weighted MRIs. 
Statistical and Survival Analysis
Results
Patient Characteristics
A total of 57 consecutive patients fulfilled the study inclusion criteria. Five patients had a glioblastoma with a mutation of the IDH1 gene (IDH1mut). Due to the very small patient number, we decided to exclude these patients from the study. Finally, 52 patients (32 male; 63.5 ± 12.6 y; 36-86 y) with untreated glioblastomas with normal, wild-type gene (IDH1wt) were included for further evaluation. Nine patients had a KPS of 60-65, another 3 had a score of 70, and the rest had 80 or above. Median PFS was 173 days; 8 patients (15%) without progression at last contact were censored. Median OS was 224 days; 25 patients (48%) still alive at last contact were censored. Due to the high number of censored patients for OS, we decided to perform no further survival analysis for OS.
Intratumoral Heterogeneity of Oxygen Metabolism and Neovascularization
MRI biomarker maps of oxygen metabolism (OEF, CMRO 2 , mitoPO 2 ) and neovascularization (MTI, N U , R U ) were successfully calculated for all 52 patients suffering from glioblastoma IDH1wt. Both oxygen metabolism and neovascularization already provided indication for the spatial heterogeneity of TMEs within the lesion. Fig. 1 shows a representative example for the complex pattern of alterations in the MRI biomarker maps of oxygen metabolism and neovascularization (upper row) in a 61-year-old male glioblastoma patient. This made interpretation, even from a qualitative point of view, challenging and not straightforward. Information fusion (Fig. 1, lower row) of oxygen metabolism and neovascularization resulted in a single and more intuitive map (ie, the TME map). This map demonstrated the heterogeneity, spatial localization, size, and magnitude of physiologic features of the TMEs: necrosis, hypoxia, OxPhos, and glycolysis combined with/without neovascularization. The TME map as well as the CMRO 2 -OEF scatterplot demonstrated that this glioblastoma was dominated by glycolysis (50.6% of the tumor volume) and functional, stable neovasculature with, however, low percentages of necrosis and hypoxia. In this patient, 80.8% of the tumor volume showed functional neovasculature and 19.2% defective neovasculature. Two further illustrative cases suffering from a glioblastoma with very similar characteristics regarding heterogeneity of oxygen metabolism and neovascularization are presented in Supplementary Fig. S2 . Heterogeneity of alterations in the MRI biomarker maps of oxygen metabolism and neovascularization in the glioblastoma was similar in the patient presented in Fig. 2 (upper row). The TME map and the CMRO 2 -OEF scatterplot, however, demonstrated that this glioblastoma was substantially less glycolytic (8.9% of the tumor volume), but more necrotic (21.5%) and especially more hypoxic (34.4% with no NV and 20.5% with NV, respectively) compared with the patients in Fig. 1 and Supplementary Fig. S2 . In this patient, only 49.6% of the tumor volume showed functional neovasculature but 50.4% of the tumor vasculature was defective. Two other illustrative cases of glioblastoma with very similar characteristics are shown in Supplementary Fig. S3 .
Although we detected differences in the percentage of the different TMEs related to the total tumor volume, the fundamental spatial structure and arrangement of the TMEs was similar in all patients: the central necrosis was surrounded by a hypoxic TME with defective vasculature followed by a hypoxic TME with (still) functional neovasculature. This necrotic/hypoxic tumor core, in turn, was surrounded by TMEs with predominantly mitochondrial OxPhos and glycolysis, respectively, for energy production.
Subgroups of Glioblastoma IDH1wt
Analysis of the "Glycolysis + NV" TME volumes for all 52 patients uncovered 2 subgroups of glioblastoma IDH1wt with no overlap for the range of these values. We used this parameter for differentiation of 2 phenotypes: (i) a glycolytic dominated phenotype with predominantly functional neovasculature; the range for the "Glycolysis + NV" TME volume was 33.9%-85.6% (53.8 ± 12.9%); (ii) a necrotic/ hypoxic dominated phenotype with high percentage of defective tumor neovasculature; the "Glycolysis + NV" TME volume was 0.9%-18.0% (10.6 ± 5.0%; Fig. 3 ). All 
Fig. 1
Conventional anatomic MRI (cMRI; grey box), oxygen metabolism (OEF, CMRO 2 , mitoPO 2 ; blue box), neovascularization (MTI; red box), and TME mapping (downright) in a 61-year-old male patient with glioblastoma IDH1wt. Oxygen metabolism and neovascularization demonstrated spatial heterogeneity within the lesion. Information fusion of oxygen metabolism and neovascularization using our TME approach resulted in the CMRO 2 -OEF scatterplot and finally in the TME map. This glioblastoma was dominated by glycolysis (50.6% of the tumor volume) and functional, stable neovasculature (80.8% of the tumor volume showed neovascularization).
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other TME volumes (necrosis; hypoxia; and glycolysis, no NV) revealed an overlap of the ranges but significant differences between the 2 subgroups (all P ≤ 0.005), except for the OxPhos (+NV) TME (P = 0.978), which revealed a very similar percentage: 19.6% versus 19.9%, respectively (Fig. 3) . The very small percentage of the "Glycolysis, no NV" TME for both phenotypes (3.9% and 2.6%) supported our decision to use blue color for both glycolysis (with/ without NV) TME to preserve clarity and assessability of the TME maps. Patient characteristics of the 2 subgroups of glioblastoma are presented in Supplementary Table S1 . There were no significant differences in age, sex, KPS, contrast-enhanced T1-weighted MRI tumor volume, and EOR between the subgroups.
The mean CMRO 2 value averaged over the whole tumor volume was found significantly lower (P < 0.001) in the glycolytic compared with the necrotic/hypoxic phenotype. The percentage of tumor volume with functional neovasculature, however, was significantly larger (P < 0.001) in the glycolytic phenotype (Fig. 4A and B) . Furthermore, we found a significant and strong correlation (P < 0.001, R = 0.708) between mean CMRO 2 and percentage of functional neovasculature in the necrotic/hypoxic subgroup, but not in the glycolytic subgroup (P = 0.355, R = 0.185; Fig. 4C ). An overview of the biomarker values of oxygen metabolism and neovascularization for the different TMEs in the 2 phenotypes of glioblastoma IDH1wt is presented in Supplementary Table S2 .
Survival Analysis
Kaplan-Meier survival analysis revealed that the glycolytic dominated phenotype with predominantly functional neovasculature showed significantly longer PFS (log-rank P = 0.035) compared with the necrotic/hypoxic dominated phenotype with high percentage of defective neovasculature (Fig. 4D) . Univariate survival analysis in the entire cohort of patients showed that age at diagnosis (<60 y vs ≥60 y; P = 0.423) and sex (female vs male; P = 0.593) were not significant prognostic factors for PFS. These factors were not included in multivariate analysis. However, preoperative KPS (≥80 vs <80; P = 0.007; HR, 2.712), EOR Conventional anatomic MRI (cMRI; grey box), oxygen metabolism (OEF, CMRO 2 , mitoPO 2 ; blue box), neovascularization (MTI; red box), and TME mapping (downright) in a 71-year-old female glioblastoma IDH1wt patient. Spatial heterogeneity of oxygen metabolism and neovascularization in this glioblastoma was similar to that in the patient in Fig. 1 . The CMRO 2 -OEF scatterplot, however, demonstrated a substantially lower percentage of glycolysis and higher percentage of necrosis (21.5%), hypoxia (total 54.9%), and defective tumor vasculature (50.4%).
(gross total vs subtotal resection; P = 0.033; HR, 2.269), and the metabolic phenotype (glycolytic vs necrotic/hypoxic; P = 0.035; HR, 1.920) were significant prognostic factors for PFS. For the multivariate analysis, however, age, preoperation, and metabolic phenotype lost significance as prognostic factors for PFS (Table 1) .
Discussion
Heterogeneity of glioblastoma is of high relevance for both clinical patient management and research. In this study, we introduced an advanced imaging approach for non-invasive localization of hypoxic and vascular niches within the heterogeneously structured TME. After correlation of TME with the dominating metabolic strategy for energy production, we were able to identify 2 different metabolic phenotypes for newly diagnosed glioblastoma IDH1wt. The finding of a common spatial structure and arrangement of the TMEs is conclusively explainable due to the known sequence of events during the development of glioblastoma obtained from preclinical studies and histopathology. 2, 32 The widely accepted model of glioblastoma progression includes an explanation of the relationship between pseudopalisades, angiogenesis, and aggressive clinical behavior. 33, 34 Initially, tumor cells infiltrate through the central nervous system and receive oxygen and nutrient supplies through vascular co-option of intact native blood vessels. 2 Co-opted vessels have been shown to express angiopoietin-2, which in the absence of vascular endothelial growth factor (VEGF) promotes endothelial cell apoptosis, vessel regression, vascular occlusion, and intravascular thrombosis within the tumor. 34 Tumor cells begin to migrate away from the increasing hypoxia around the vascular pathology and create a peripherally moving wave (known as pseudopalisades) and central necrosis. The zone of necrosis and hypoxia expands and the migrating hypoxic pseudopalisading glioma cells secrete hypoxiainducible factor 1α and VEGF, leading to neovascularization and in further consequence to an accelerated outward expansion of tumor cells toward a new vasculature.
This model well explains the spatial structure and arrangement of the TMEs which we found in our study: a central necrosis was surrounded by hypoxia with defective vasculature and hypoxia with (still) functional neovasculature, respectively. This necrotic/hypoxic tumor core was enclosed by 2 TMEs with functional neovasculature: a rim with mitochondrial OxPhos followed by glycolysis, respectively. These rims represented the most active part of the glioblastoma, which showed, interestingly, mitochondrial OxPhos and glycolysis for energy production. This may be explained as follows. It is well known that the necrotic/ hypoxic tumor core is associated with host-mediated inflammatory response at the edge of the zone by activated macrophages and microglia. [35] [36] [37] [38] Whether this response represents an active antitumor defense mechanism (M1) or a tumor-supportive one (M2) depends on the polarization of the microglia and macrophages. Wu et al 39 have shown that glioblastoma cancer stem cells can recruit and polarize microglia and macrophages to a tumor-supportive M2 phenotype, inhibiting phagocytosis, inducing secretion of immunosuppressive cytokines, and resulting in inhibition of T-cell proliferation. M2 polarization of microglia and macrophages, however, has been previously associated with oxidative phosphorylation. 40, 41 Transferred to our findings, this may support the assumption that the outer hypoxic TME with functional neovasculature as well as the OxPhos TME-both showed the highest CMRO 2 , which is characteristic for mitochondrial OxPhos-are regions with a high content of tumor-supportive microglia and macrophages recruited by the tumor to evade immune destruction and support cancer progression. The presence of the glycolytic TME can be explained as follows: proliferating cancer predominantly use aerobic glycolysis that ferments glucose into lactate, even in the presence of abundant oxygen. Glioblastoma cells use this metabolic shift toward aerobic glycolysis to generate precursors for anabolism to grow and generate enough ATP to maintain cell function. 42 By analyzing the percentage of the different TMEs on the tumor volume, we uncovered 2 phenotypes of glioblastoma IDH1wt, which differ in the proportion of necrosis, hypoxia, neovascularization, and utilization of glycolysis for energy production. The glycolytic phenotype was associated with a stable functional neovasculature and a percentage of necrosis and hypoxia of less than 25% of the total tumor volume. This phenotype showed lower mean CMRO 2 and longer PFS compared with the necrotic/ hypoxic phenotype. The necrotic/hypoxic phenotype was characterized by a high proportion of unstable defective dysfunctional neovasculature, suggesting a more aggressive tumor behavior. This phenotype had a strong linear correlation between mean CMRO 2 and percentage of functional neovasculature. This correlation is indicative of a coupling between oxygen metabolism and neovascularization and of a tumor vasculature which is incapable to sufficiently supply the tumor with oxygen.
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With respect to tumor niches, the glycolytic phenotype with high percentage of stable functional neovasculature is dominated by the vascular niche. A close association between endothelial cells and neural stem cells was demonstrated in a seminal work by Shen et al. 43 They found that endothelial cells secrete factors that stimulate self-renewal of neural stem cells and proposed that endothelial cells are an integral component of the stem cell niche. This vascular niche has also been demonstrated in glioblastoma stem cells. 44, 45 The vascular niche provides a protective microenvironment in which glioblastoma stem cells are able to freely proliferate and remain undifferentiated and are unaffected by any external influences. 44, 45 In the necrotic/hypoxic phenotype with a high percentage of defective neovasculature, however, the hypoxic niche plays a major role, which is associated with tumor progression and resistance to both radiotherapy and chemotherapy. 2 Hypoxia promotes a more malignant phenotype of cancer cells and supports the survival of glioma stem cells, which possess greater drug resistance, self-renewal potential, and tumorigenicity. 46, 47 There are several limitations in our study. The number of patients for the subgroups (N = 27 vs 25) was relatively small and we were not able to include glioblastoma with mutation of the IDH1 gene as a separate subgroup. IDH1, however, is only mutated in ~10% of glioblastoma. 48 We were not able to provide valid data about OS due to the large number of censored patients in the survival analysis of OS. A further limitation of our study is that we did not include a validation of our approach. Biological validation of the MR-based parameters for mitoPO 2 , CMRO 2 , hypoxia, and neovascularization is required by correlation with findings from immunohistochemistry, invasive methods, or other imaging modalities (eg, PET). 49, 50 Furthermore, we focused on the spatial heterogeneity within the gadolinium-enhanced tumor and excluded the peritumoral brain zone. In cases where the gadolinium-enhanced portion of the glioblastoma is completely resected, 90% of recurrences occur at the margin of surgical resection in the macroscopically normal peritumoral brain zone. 1 The purpose of our study, however, was to introduce a non-invasive imaging approach for localization and investigation of TME in glioblastoma.
In conclusion, we performed fusion of imaging parameters about energy production and neovascularization (2 hallmarks of cancer) and thereby gained a more precise insight into the intratumoral heterogeneity of human glioblastoma's pathophysiology. Our non-invasive mapping approach allows for user-independent classification of TMEs and detection of hypoxic and vascular niches in glioblastoma. This enabled us to identify patient subgroups with significantly different PFS. However, further studies are necessary including more patients, histopathologic correlation, peritumoral brain zone, and/or preclinical data for validation of the approach.
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